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Summary 

Several plant isoquinoline alkaloids (PIAs) possess powerful pharmaceutical and biotechnological 
properties. Thus, PIA metabolism and its fascinating molecules, including morphine, colchicine 
and galanthamine, have attracted the attention of both the industry and researchers involved in 
plant science, biochemistry, chemical bioengineering and medicine. Currently, access and 
availability of high-value PIAs [commercialized (e.g. galanthamine) or not (e.g. narciclasine)] is 
limited by low concentration in nature, lack of cultivation or geographic access, seasonal 
production and risk of overharvesting wild plant species. Nevertheless, most commercial PIAs are 
still extracted from plant sources. Efforts to improve the production of PIA have largely been 
impaired by the lack of knowledge on PIA metabolism. With the development and integration of 
next-generation sequencing technologies, high-throughput proteomics and metabolomics 
analyses and bioinformatics, systems biology was used to unravel metabolic pathways allowing 
the use of metabolic engineering and synthetic biology approaches to increase production of 
valuable PIAs. Metabolic engineering provides opportunity to overcome issues related to 
restricted availability, diversification and productivity of plant alkaloids. Engineered plant, plant 
cells and microbial cell cultures can act as biofactories by offering their metabolic machinery for 
the purpose of optimizing the conditions and increasing the productivity of a specific alkaloid. In 


engineering, synthetic biology, 
biosynthesis. 


Introduction 


Plants are major producer of structurally diverse and medicinally 
important alkaloid specialized metabolites that have great eco- 
nomical importance. There are over 21 000 known alkaloids that 
have been extracted from plants (Wink, 2010). Throughout 
history, alkaloid-producing plants, and their extracts, have been 
exploited for medicinal, ceremonial and toxic properties, leading 
up to knowledge that inspired today’s wide range of industrial 
applications. Major commercial alkaloids include the analgesic 
morphine from opium poppy (Papaver somniferum), the acetyl- 
cholinesterase inhibitor galanthamine from daffodils (Narcissus 
pseudonarcissus), the antimicrobial sanguinarine from California 
poppy (Eschscholzia californica), the gout and anti-inflammatory 
drug colchicine from meadow saffron (Colchicum autumnale) and 
the metabolic precursor reticuline used for semi-synthetic alkaloid 
manufacture. All of these examples are alkaloids that belong to 
the family of plant isoquinoline alkaloids (PIAs) which includes 
high-value metabolites such as emetine, kreysigine, lycorine, 
magnoflorine, narciclasine, protopine and scoulerine to name a 
few (Figure 1). 


this article, is presented an update on the production of PIA in engineered plant, plant cell 
cultures and heterologous micro-organisms. 


Isoquinoline alkaloids in plant 


Pharmaceutical and commercial alkaloids can be obtained directly 
from plant source or are chemically converted after isolation. 
However, access and availability of some high-value PIAs (e.g. 
galanthamine and narciclasine) may be limited by low abundance 
in nature, lack of cultivation or geographic access, seasonal 
production and risk of overharvesting wild plant species. Often, 
their production via field cultivation, if possible, leads to supply 
inefficiencies and variability. For example, the yield of morphine 
from opium poppy extracts varies greatly due to the cultivar used, 
growing season, climate, etc. (Desgagne-Penix et al, 2012; 
Dittbrenner et al., 2009). In most cases, the availability of the 
PIA-producing plants is limited and/or difficult to farm. In addition 
to the low concentration, the complex mixtures of alkaloid 
in planta limit isolation and purification of PIA using conventional 
extraction processes, especially those intended for commercial 
use. Alternative production systems, such as total or semi- 
synthesis of PIAs, have been developed but are typically complex 
for a low yield of isoquinoline alkaloid (Banwell et al., 2012; 
Graening and Schmalz, 2004; Pulka, 2010; Rinner and Hudlicky, 
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Figure 1 Examples of plant isoquinoline alkaloids (PIAs) found in plants. 
The structural group or the plant family to which each alkaloid belongs is 
indicated in parentheses. 


2012). Consequently, there is a demand not only for better 
isolation and production platforms but also for alternative ways to 
produce the valuable alkaloids using biotechnological processes 
such as plant engineering, plant cell culture or microbial 
metabolic engineering. Each strategy has its own challenges, 
and the most efficient and economically viable one will largely 
depends on the metabolite produce and may change over time 
due to technological innovations, increase in knowledge and 
economic and political developments (Keasling, 2012). 


Biosynthesis of isoquinoline alkaloids 


Most PIAs accumulate at low concentration levels in plants. For 
example, analysis of galanthamine content in Amaryllidaceae 
plants showed variation from trace to 0.6% (referred to DW) with 
the commercial cultivar Narcissus confusus being the most 
productive of this family (Berkov et al., 2009). Also, PIAs are 
metabolites of limited taxonomic distribution and often represent 
signature molecules of certain plant species or families. For 
example, the benzylisoquinoline alkaloid morphine and codeine 
are only produced in the P. somniferum plant species. Similarly, 
the Amaryllidaceae alkaloids, such as galanthamine, antimicrobial 
lycorine and anticancer narciclasine, are only synthesized in plants 
of the Amaryllidaceae family (e.g. amaryllis, daffodils and 
snowdrops). Biosynthesis and accumulation of specialized iso- 
quinoline alkaloids can be limited to specific cells types, tissues or 


ALKALOIDS 
CHEMICAL DIVERSITY 


Figure 2 Overview of the systems biology strategy feeding into 
metabolic engineering and synthetic biology approaches. Plants produce 
several thousand of different alkaloid metabolites; several of which are 
used by humans as high-value pharmaceuticals and precursors for various 
chemicals and bioproducts. Multidisciplinary systems biology strategy 
offers new avenues to explore and exploit this natural resource. Tissue- 
specific identification of known and novel compounds through metabolite 
profiling or targeted metabolomics informs genomics-based 
(transcriptomics and proteomics) discovery and elucidation of alkaloid- 
biosynthetic genes, enzymes and pathways via bioinformatics and 
biochemistry approaches. The elucidated pathways provide tools for 
combinatorial plant and microbial metabolic engineering and synthetic 
biology biotechnologies to be developed for plant-based bioproducts. 


organs, and may be regulated in response to environmental 
perturbations (Beaudoin and Facchini, 2014; Desgagné-Penix and 
Facchini, 2011; Onoyovwe et al., 2013). In an ecological context, 
PIAs have been suggested to be involved in plant defence 
mechanisms owing to their physiological activity, either by direct 
toxic effect (deterrent) or by inhibition of certain functions of the 
invading pathogens (Berkov et al., 2008; Gomez et al., 2003; 
Nomura et al., 2008; Santana et al., 2008; Shen et al., 2014; 
Shields et a/., 2008; Simas et a/., 2001). 

Advances in understanding PIA metabolism were originally 
achieved through isotopic tracer studies, enzyme isolation and 
characterization methods, and recombinant DNA technologies 
(Cordell, 2013). Rapid progress in plant systems biology, which 
combines metabolite profiling, transcriptome sequencing, bioin- 
formatics and biochemistry, has accelerated gene discovery across 
a diversity of plant species including the alkaloid-producing plants 
where genomic information is often unavailable (Figure 2) (Bohlin 
et al., 2010; Facchini et al., 2012; Higashi and Saito, 2013; 
Schilmiller et al., 2012; Seaver et al., 2014; Sheth and Thaker, 
2014; Trewavas, 2006; Wolfender et al., 2013; Xiao et al., 2013). 
For PlA-producing plants, RNA sequencing has been used to 
generate transcriptome databases of more than 30 plant species, 
mostly benzylisoquinoline alkaloids producing ones (Desgagne- 
Penix et al., 2010, 2012; Farrow et al., 2012; Hagel et al., 2015; 
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Kilgore et al., 2014; Wang et al., 2013; Xiao et al., 2013). These 
have allowed for the identification of several biosynthetic genes 
and provided knowledge for understanding PIA metabolism. 
Thus, the systems biology approach has not only accelerated the 
elucidation of the PIA pathways but has also increased the 
number of gene sequences (i.e. enzyme variants or tools) to be 
used in engineering production systems. 

Plant isoquinoline alkaloids are synthesized from tyrosine 
decarboxylated precursor (tyramine or dopamine) which is 
condensed with a second precursor to form a specific scaffold 
molecule (norcoclaurine, autumnaline, deacetylisoipecoside or 
norbelladine) (Figure 3). Further modifications and decorations of 
the scaffold molecule lead to the wide array of PIAs known to 
date (Figures 1 and 3). Four groups of PIAs are presented here, 
namely the benzylisoquinoline, phenethylisoquinoline, ipecac and 
Amaryllidaceae alkaloids (Figure 3). The most studied metab- 
olic pathways belong to the benzylisoquinoline group of 
PIA, specifically P. somniferum morphinan (e.g. morphine/codeine), 
E. californica protoberberine (e.g. scoulerine) and benzophenan- 
thridine (e.g. sanguinarine) and Coptis japonica aporphine 
(e.g. magnoflorine) biosynthetic pathways. Consequently, these 
have emerged as model systems to study and engineered PIA 
metabolism. To date, over 30 biosynthetic genes have been 
reported to be involved in benzylisoquinoline alkaloid pathways 
(Beaudoin and Facchini, 2014; Desgagné-Penix and Facchini, 
2011; Hagel and Facchini, 2013). The knowledge acquired on 
these pathways showed that it involves a restricted number of 
enzyme families catalysing coupling reactions and functional 
group modifications including Pictet-Spenglerases, cytochrome 
P450, acetyl-, O- and N-methyltransferases, oxidoreductases and 
dioxygenases (Hagel and Facchini, 2013;) To date, only five 
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biosynthetic genes for ipecac alkaloids, one for Amaryllidaceae 
alkaloids and none for the phenylethylisoquinoline alkaloids have 
been reported (Figure 3) (Cheong et al., 2011; Kilgore et al., 
2014; Nomura and Kutchan, 2010; Nomura et al., 2008). As 
metabolic engineering requires knowledge of the pathway genes 
and enzymes involved, the majority of the studies focus on the 
benzylisoquinoline alkaloid pathways. 


Plant metabolic engineering and plant cell 
cultures 


When the cultivation of PIA-producing plant is difficult or not 
practically possible, production in plant cell cultures is econom- 
ically feasible for certain compounds, particularly those of high 
value. Amaryllidaceae Leucojum aestivum and Pancratium mar- 
itimum plant cell cultures have been developed for the study and 
production of galanthamine and lycorine (Bogdanova et al., 
2009; Georgiev et al., 2010; Ptak et al., 2010; Saliba et al., 
2015). Similarly, cell cultures of 18 plant species that produce 
benzylisoquinoline alkaloids have been developed and used to 
study and identify genes involved in PIA metabolism (Desgagne- 
Penix et al., 2010; Farrow et al., 2012). The basal production of 
PIAs in these cell culture systems is low, and increased production 
requires costly addition of metabolic precursor, plant hormone or 
fungal elicitor (Cho et al., 2008; Desgagne-Penix et al., 2010; 
Hara et al., 1993; Ivanov et al., 2012; Nakagawa et al., 1986; 
Pavlov et al., 2007; Verma et al., 2014). For example, untreated 
opium poppy cells do not produce alkaloids, whereas elicitor- 
treated cells showed up-regulated expression of biosynthetic 
enzymes and increased production of sanguinarine but not 
morphine (Desgagne-Penix et a/., 2010). In plants, there is a clear 
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Figure 3 Overview of the biosynthetic pathways of four groups of plant isoquinoline alkaloids including the benzylisoquinoline, phenethylisoquinoline, 
Ipecac and Amaryllidaceae alkaloids. Enzymes for which corresponding genes have been isolated from plants are shown in italic. Bold arrow represents one 
biochemical reaction, whereas dotted arrows represent more than one reaction. 4-HPAA, 4-hydroxyphenylacetaldehyde; 4-HDCA, 4- 
hydroxydihydrocinnamaldehyde; 3,4-DHBA, 3,4-dihydroxybenzaldehyde; TYDC, tyrosine/DOPA decarboxylase; NCS, norcoclaurine synthase; 6OMT, 
norcoclaurine 6-O-methyltransferase; CNMT, coclaurine N-methyltransferase; NMCH, N-methylcoclaurine; 4'OMT, 3'-hydroxyl-N-methylcoclaurine 
4'-O-methyltransferase; Sa/Syn, salutaridine synthase; Sa/R, salutaridine reductase; Sa/AT, salutaridinol 7-O-acetyltransferase; T6ODM, thebaine 6-O- 
demethylase; CoR, codeinone reductase; CODM, codeine O-demethylase; BBE, berberine bridge enzyme; CFS, cheilanthifoline synthase; SPS, stylopine 
synthase; TNMT, tetrahydroprotoberberine N-methyltransferase; MSH, N-methylstylopine 14-hydroxylase; P6H, protopine 6-hydroxylase; DBOX, 
dihydrosanguinarine oxidase; IpeOMT1,2,3, Ipecac O-methyltransferase-1, -2, -3; IpeGlu1, Ipecac glycosidase-1; CIOMT, Carapichea ipecacuanha 


O-methyltransferase; N4OMT, norbelladine 4-O-methyltransferase. 
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correlation between cellular differentiation and specialized 
metabolism. The low or lack of productivity of alkaloids in plant 
cell cultures can be explained by insufficient level of cell 
differentiation (Desgagne-Penix etal., 2010; Farrow etal., 
2012). For plant cell cultures, the transition from shake flask to 
bioreactor is complicated. As a result, PIAs are rarely produced 
commercially using plant cell cultures due to high cost of 
maintenance versus low yield obtained. However, a wide variety 
of bioprocessing strategies have been specifically designed for 
large-scale cultivation of plant cells. One success story is the 
commercial production of antibiotic berberine from C. japonica 
and Thalictrum minus plant cell cultures by Mitsui Chemicals, Inc. 
(Tokyo, Japan) (Wilson and Roberts, 2012). The optimization of 
the industrial production from C. japonica cells at a scale up to 
4 m? resulted in high berberine yield of 3.5 g/L and a 3.5-fold 
change compared with traditional methods (Georgiev et al., 
2013; Matsubara er al., 1989). Metabolic engineering for 
increased productivity could decrease production costs associated 
with existing commercial plant cell culture systems and make 
other plant cell culture systems commercially feasible. 

Isotopic tracer studies were used to trace PIA metabolic 
pathways but not to quantify fluxes through these pathways. 
For the past decade, isotope-assisted flux analyses have provided 
researchers with powerful indicators of cell biochemistry and 
a deeper understanding of metabolic pathways (Allen et al., 
2009; Dieuaide-Noubhani et al., 2007; Niklas etal., 2010; 
O'Grady et al., 2012; Wiechert, 2001; Zamboni, 2011). Due to 
the significant level of complexity, compartmentation and the 
synthesis of a wide array of metabolites, a key issue of PIA 
accumulation in engineered plants and cell cultures is the 
channelling of maximized flux towards a biosynthetic sink. Flux 
analysis measurements in combination with other systems biology 
methods will provide the information needed for a rational 
approach of plant (and plant cell culture) metabolic engineering 
in the future. 

Efforts to improve yields of PIAs are often hindered by 
limitations in plant metabolic engineering due to the lack of 
genetic tools, long development cycles of plants and the complex 
interaction between primary and specialized metabolic pathways 
(Chae et al., 2014; Glenn et a/., 2013). However, plant metabolic 
engineering has been used to modulate PIA composition and 
yield of morphinan alkaloids in the ‘model plant’ opium poppy 
(P. somniferum) with mixed results. For example, the overexpres- 
sion of gene, N-methylcoclaurine-3'-hydroxylase (NMCH), salu- 
taridine-7-O-acetyltransferase (Sa/AT) or codeinone reductase 
(CoR), each encoding biosynthetic enzyme involved in morphine 
production (Figure 3), resulted in increased morphinan alkaloids, 
whereas suppression of CoR did not alter alkaloid levels (Allen 
et al., 2004, 2008; Frick etal., 2007; Larkin et al, 2007). 
Overexpression of Arabidopsis transcriptional regulators in opium 
poppy resulted in increased codeine accumulation associated 
with the up-regulation of several BIA biosynthetic enzymes 
(Apuya et al., 2008). 


Microbial engineering for PIA biosynthesis 


Metabolic engineering of alkaloid production may serve as 
alternative or complementary approach to chemical synthesis, 
plant cell culture or plant biomass extraction. This includes the 
concept of reconstruction of plant alkaloid pathways in heterol- 
ogous host systems, as well as combinatorial approaches using 
combinations of enzymes from different species. Combination of 


enzymes has been successfully used to identify new gene 
functions or to replace missing enzymatic step for the production 
of alkaloids in micro-organisms. For example, the construction of 
pathway for reticuline production used a combination of bacterial 
monoamine oxidase and plant genes from C. japonica (Minami 
et al., 2008). The reconstruction of PIA biosynthetic pathways in 
micro-organism hosts raises multiple engineering challenges due 
to the complex, branched, multistep architecture of biosynthetic 
pathways (Figure 3). A number of alkaloid engineering platforms 
have been described (Table 1). Escherichia coli and the baker 
yeast (Saccharomyces cerevisiae) are currently the preferred 
microbial hosts for PIA production due to their robustness, 
scalability and the broad repertoire of tools for DNA assembly 
(Keasling, 2012). 

Microbes engineered to express genes encoding PIA biosyn- 
thetic enzymes provide a novel approach for the development of 
scalable manufacturing processes. The availability of ‘large’ 
numbers of PIA biosynthetic genes from opium poppy and 
related plants has facilitated the reconstitution of several path- 
ways leading of the production of benzylisoquinoline alkaloids in 
E. coli and yeast. For example, production of (S)-reticuline in 
E. coli was achieved by adding dopamine to the culture medium, 
some of which was converted into 3,4-DHPAA precursor by 
heterologously expressed bacterial monoamine oxidase, and 
further metabolized by C. japonica NCS, 6O0MT, CNMT and 
4'OMT to yield 11 mg/L of reticuline (Minami et al., 2008) 
(Table 1). The fine-tuning of the production method using this 
platform increased reticuline yield to 54 mg/L (Kim et a/., 2013). 
Recent modifications of this platform include de novo synthesis of 
dopamine precursor by two additional bacterial enzyme, there- 
fore eliminating the use of supplements which facilitate the 
linking of PIA metabolism to E coli primary metabolism and 
enable a fermentation (Nakagawa et al., 2011) and benchtop 
production (Nakagawa et al., 2012) platforms that create plant 
products from simple carbon sources (Table 1). Reticuline is a 
scaffold intermediate metabolite shared among major branches 
of the benzylisoquinoline pathway (Figure 3). Despite of high 
titres, no steps downstream of (S)-reticuline have since been 
demonstrated in F. coli. However, F. coli-generated reticuline 
was converted to alkaloids magnoflorine or scoulerine via 
coculture with genetically engineered S. cerevisiae expressing 
C. japonica-specific gene CYP80G2 and BBE, respectively 
(Minami et al., 2008). 

Alternatively, relatively high titre of (R,S)-reticuline (32.9 mg/L), 
tetrahydrocolumbamine (60 mg/L) and tetrahydroberberine 
(30 mg/L) was produced from S. cerevisiae from cost-prohibitive 
substrate (A,S)-norlaudanosoline through a combination of 
enzymes derived from different plant species and humans 
(Hawkins and Smolke, 2008). Recent modification of this (R,S)- 
reticuline platform allows the production of various PIAs such as 
stylopine, N-methylstylopine, protopine and sanguinarine (Tren- 
chard and Smolke, 2015). Fossati et a/. (2014) reconstituted a 10- 
gene plant pathway in S. cerevisiae that allows for the production 
of dihydrosanguinarine and sanguinarine from (R,S)-norlau- 
danosoline. Synthesis of dihydrosanguinarine also yields the side 
products N-methylscoulerine and N-methylcheilanthifoline, and 
the latter has not been detected in plants (Fossati et a/., 2014). 
Similarly, yeast strains modified with P. somniferum morphinan 
biosynthetic genes produced morphine and codeine when 
supplemented with costly intermediates such as thebaine, salu- 
taridine or codeine (Fossati et al., 2015; Thodey et al, 2014) 
(Table 1). 


© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-10 


Metabolic engineering of plant isoquinoline alkaloids 5 


(LOZ) Je 19 nessoj 6770 689 aui[osouepneuioN-(S^y) 9E8lsioJ22 "S (LAND PU? ZIINO;v 'LINO9) WNIOJIUWOS "d auinanaJ-(S ^) 
(HSIN pue UNN) 388 "LIWOt 
UNN "LINO9) Windayjuwos ‘d pue (H9d 

(GLOZ) aous pue pieu»ueJ| -0L X 6€1'0 08 eui[osouepnepoN-(S^y) 9elslA9J92 'S pue SIS 'S45) exrujoJie» 73 (UNI) euejeu "e euueuinDues 
(HSIN pue LANL 
"299 ‘LINO? ‘LAND ‘LNO9) Wndeyuwos ‘d pue 

(SLOZ) aous pue pieu»uei] DL X GERD ASTA aui[osouepneuoN-(S^y) 9ElsiAoJ22 "S (SLS pue $45) e»ruJoyie» F (Luv) euereu "v euidojoJg 
(LANL pue 
388 ‘LINOY ' LINND 'LINO9) unaejuuos ‘d pue 

(S102) aous pue pieu»uei| DL X vS60 8vS aui[osouepnepuioN-(S ^y) 9ElsiA2422 "S (SLS pue $45) 2214404122 3 '(Lu1v) euereui "v BIS 
(388 pue LNOY 
UNN "LINO9) Windayjuwos ‘d pue (SIS pue 

(GLOZ) aous pue pieu»ueJ| -0L X OI 9/9 euijosouepnenoN-(S^4) 9elslA9J92 'S SAD) e»iu10ji[e5 eizjiou2su2s3 (Lui) eueijeu] "v euido|As 
(Ydd pue 9AZdAD) suaides owoH 

(8002) e»jotus pue suymeH 4100 OL X Oc auijosouepnepoN-(S*J) doo? "S pue (1INO,f pUe ‘LIND 'LINO9) Windasiuwos d euipueinjes 
(LYLY) euejeu] 
sisdopiqeiv pue (WELLdAD pue LNS) un^ej "| 

(8002) e»jotus pue supjweH 9c0'0 0L X 0E Əu!JosouepneoN-(S'y) ƏEISIADIÐ "S '(388 pue LINO, ‘LIND "LINO9) uun49JIuul08 "d euueqieqojpAuena1-(5) 
(LNS) wnae unaj»i[euj pue 

(8002) oos pue SUE z50°0 c0L X 09 auljosouepne|ON-(S'Y) BeISINGIAD 'S (388 pue 1INO;v ‘LIND '"LIWO9) unJeJiuulos d euituequinjo»oupÁue91-(S) 

(8002) e»jotus pue supjweH SILO el * ETE aui[osouepnepoN-(S^J) doo? "S LUNO Ep pue LAND ' LINO9) WindayiuWios Janedeg auinonad-(S y) 
(388 pue IINO;v UN? 

(8007) Je 18 pu ccoo 0l X €8 euiuedoq 9elsjA2192 "S pue 1/02 "3 'LINO9 'SON) exruodef > pue (OYN) snaanj jot 9uus|no»s 
aelsiAaJ92 SADAWOIEYIIES (ZDO8dAD pue Up. "UNN? 

(8002) 7e 19 teu 6100 lz OL euiuedoq pue 10> "3 'LINO9 'SON) exiuodef > pue (OYN) seim jot euuojoubelA 
(MAL) Winueadeuejos "y 
pue (OVW) snainj W '(DaOQ) epand ‘d 
QUAND pue LWO? "LINO9 'SDN) exruodef > 

(7102) ye 43 ewebexeN c-0L x 878'0 <OL X GEE [o4e2A|5 OD 3 '(vsdd pue vai ' DOE "bi OI 3 euipn2naJ-(S) 
(MAL) un4eo»euejos eiuojsjey pue 
(OVW) snainj "JN '(DqOQ) epnd seuowopnasg 
'(LNND pue LINOt '"LINO9 ‘SDN) exuodef > 

(LL0Z) Je 12 ewebexeN EU 0L X 09 IER GEI '(vsdd pue WIJ} ‘iq DOE "wb OD 3 auinonaJ-(S) 
(LINND pue Up 

(EL0Z) Je 19 Wy — 0l X LEZO £01 X Pë euiuedoq OD 3 'LINO9 SON) e&xruodef > pue (OYN) sain jot euinonaJ-«(s) 
LO pue LIND '1INO9 ‘SDN) 

(8002) e 19 teu 6200 gol X LL euiuedoq OD EIYDHOYIST eajuodel sido? pue (OYIN) seim sn2202042IJAI EWECH 

Sa0UalaJay (aeasqns (1/61) ae Josindaid pay Ajjeuueix3 1sou pajeeuibu3 pəşəsuı auab 1ue|d jo e»inog 1e64e1 punodwo> 


5j»npoud 5) Dia 


suusiuebJo-oJ»iu1 pa1eeuibueorq Aq padnpoid (suosundaid pue) splojeyje eutouinbosi 1ue|d. | ejqer 


€ 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-10 


(L808dAD) 

ELO "3 pue (YdD pue LINO ‘LAND 
'LINO9) WUNJƏJIUWOS d '(S)N) e»iuodef > 
'(a0Q) epnnd d '(I8EY ILEY A99LA HÁL 


(GLOZ) Je 19 pueupueJ| — DL X 0960 cC 6l esoon|o 9elsiAaJ92 'S pue YdHdd ‘ddd ^udes "edldl snoi6e/uou snjjey Suinanay 
(SDN) e»ruodef “> pue 
(200) epnd d '(I8EY LEY A99LM HAAL 
(GLOZ) je 19 pjeu»ueJ| o DL X 8200 990 asoon|d 9elslA9J92 'S pue udHGO ‘ddd ^udes "edldl snoi6eAdou snijey 9Uune[»o»xJjoN 
(NOY pue 
HONN ‘LAND 'LINO9 'SON) unJ9juuos qd 
(LOZ) e 19 eupeo1deq s-0l X SLOZ 9°08 asoon|5 gelsi^aloD `S pue (5a0Q) epand d '(Lav944A2) suebjna 9 auinona.-(S) 
(SDN) tun4eJiuu0s d pue 
(SLOZ) ye 19 eu»eo1eg 9-01 X sI9'7 9'v0l esoonib 9elsi^aJa2 'S O00) epand `d (Lav944AD) suebinA eyeg auunepoo4ou-(S) 
(vLOZ) ye 19 Áopou| SI0'0 el X LY əureqəyL DEISINGIOD "S (NGOD pue YOD 'INQOO9I) WUNIƏJIUWOS d audio 
(vLOZ) Te 19 Aapoy, Sc00 0L X LL əureqəyL QEISINQIOD "S (YOD pue WIGO9L) WNJƏJIUWOS d əuləpoD 
(40D pue WdO9L 
(SL0Z) Je 19 Nesso4 DL X LLEV evi əuləpoD 9elsiA2192 "S 'INQOO ‘LVS "us “YdD 'SvS) WNIƏJIUWOS d audio 
DL X 0880 (40D pue |NqO9L 
(SLOZ) Je 19 nessoj 10 c. 0L X v9€0 61 40 ZL euipuejnjes 10 euinonag-(y) 9elsiAoJ92 "S 'INQOO '1VS "Wues "047 'SvS) WNIƏJIUWOS d əuləpoD 
(40D pue WdO9L 
(SLOZ) Te 19 nesso4 eg- 0l X DEn 6 euipueinjes 9elSIAoJ92 "S 'INQOO ‘LVS "Wues "047 'SvS) WNIƏJIUWOS d auldoan 
(40D pue WdO9L 
(S102) Je 19 nesso3 e- 0L X 0086 LLE euipueinjes 9elSIA9192 "S 'INQOO ‘LVS ‘HYS "Hd2D 'SvS) WNIƏJIUWOS d suleqoy | 
(SLOZ) Te 19 nesso4 e- 0L X evVv'6 LLE euinonay-(u) 9elsiAoJ22 "S (LVS pue YYS ^ud) 'SvS) uin49JIUU405 Vd ouleqoy | 
(SLOZ) Te 19 nesso4 GO Lët euinoney-(y) BPISINDIOD "S (YdD pue SYS) WNIƏJIUWOS d 9uipueinjes 
(uOSt/d DU HSIN 
= 'LINNLL 'SdS ‘S49 "738g '388 'ZLNO, ‘LIND 
Ai (vLOZ) Je 19 Wesso4 L100 0S eui[osouepnenoN-(S^y) 9elslAaJ92 'S 'LINO9) uinaeyiuuios d pue (H9d) e»ruioJije» 3 euueuinbuesoJpÁurq 
` [| ri a 4 Lu 
2 (uOSvd pue HSIN ‘LINNL ‘SdS 'S45 7399 
2 (LOZ) Je 19 nesso4 Sv0'0 Lvl euin2na-(s) BEISINQIOD "S '388) WNJƏJIUUOS 4 pue (H9d) e»ruoJi[e» "3 euueuinbuesoupÁuiq 
2 (40Std pue HSIN 'LNNL 'SdS 
Q (LOZ) e 19 nessoJ 6400 LSZ euue|noos-(s) 3elslA9J22 "€ 'S42) WNJƏJIUWOS "d pue (H9d) e»iuJ9Ji[e» 2 euueuinbuesojpÁurq 
g (40Std pue HSN 
5 (vLOZ) Je 19 nessoj 8850 OO6L auidojAjs-(5) 9elsiAaJ92 'S ' UNI) unaejyiuuios d pue (H9d) 2214104122 "3 euueuinbuesoJpÁurq 
© (40Std pue UND 'ZLINO;E 
e (LOZ) Je 19 nesso4 8810 vL9 auue[no»s-(S) 9elsIA9192 "S 'LINO9) WNJJIUUIOS "4 pue (H9d) e»ruoJi[e» "3 euidojas-(s) 
ES 
£ SƏ2Uə3194ƏY (əzeazsqns (1/61) au Josindaid pa} Á|[eu1e1x3 1sou pajeeuribu3 Dallas əuəf 1uejd jo a»unog joe) punodwo 
5 5j»npoud 5) Dau, 
ES 
L penunuo) | əqeL 
© 
c 
X 
wo 


© 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-10 


Metabolic engineering of plant isoquinoline alkaloids 7 


'esejonpai aulydiow ‘glow *eseyonpai aulndijajospAyap-Z' [-eseuiu/Ás auljndas0JpAyap-Z'| ‘YYG-SYG *eseuiu/s euipueinjes "uses 'esey»npai euipueinjes ^yjes 'esejejsuenjAe»e 
-O-/ |Jouipueinjes ‘Lyles :ese|/xoupAu euunej»oo|Auieul-N 'HOIAN 'eseionpai ayejojoupAyip ‘YAHA ‘1908 OStd PWOIYDOIAD 'Lg08dA2D ‘I esejoupKuo|»/o d19 ‘IHDdLO ‘38EY IZEY A99LAA MNU ədu} ase|AxoupAY ao 
'J8EY 3/£4 A99LM HAL 'eseyonpaa euipueidoupÁuip prououinb. ^uqHQO 'ese1eapAuep aulwejouiqied-eydje-p-ula}d ‘God ‘asejnpa uueideides ‘ydas ‘aseyjuAs uueydoupÁAuedeyKoAnaÁd-9. ‘Sdid ‘ase|AxoupAy euunejpoojAu1eud 
-N OSvd 9u1044201/2 'H2IAN 3ueinui ejghop 360£4 TELM ase|AxoupAy euisoJA. 'Lav9/dAO 'ese|Aureuiep-o eutepo2 "IWdoo 'eseionpad euourepo ^yo»5 ‘ase|AUJaWap-O-9 eureqaui "wgl *'eseiejsuenjAie»e jouipueanjes ' | vs 
faseuuAs euipueinjes ‘sys ‘asejanpal Ogpd BWOIYIOIAD ^gOSpd 'eseuiuÁs euidojAas "ed 10128 rl Z e UO uorssaidxe 299 "738g 'esejfxoupAu-p | euido|as|Auyeuu-N-SD-(S) "Hein *eseiejsuen|Auieuu-N-s euuegieqo1ojdojpAuenei 
'LINNL 'esejKxoupÁu-9 euidojoud ‘H9d ‘aseyjuAs euidojKis ‘sis 'eseuiuÁs eulojiunue|ieu» 'S4D :esejonpel OSrd eul0Ju20145 ‘YdD 'OSpd eujoJupoi/Áo ueuinu '9AZdAD 'esejpnpel OSGrd euejeul w "Lulu :euKzue OGpd 
9uJ044201/0 e 'eseujuÁs euipeue» "v6L/dA2 'eseiejsuenjAu1eul-O-e euue[noos-(S) ‘LNS ‘@wAZUa ebpuq euuegieg "299 *eu/zue Qspd eui044201/5 '79084A2 ‘aSeUISOIAY ‘YAL ‘ase|AxoqJedap »umeds-yqoq- '2aoa ‘aseyauUAs 
Iqui-xpeqpee; ' vu 
'esejojsuenjAu1eu-Q- j7-dUlLNe|IOD|AYJALU-\V-AXOIPAU-E "UO *eseisjsuenjAuyeul-N. SULINE|IOD 'LINND 'eseiejsuenjAujeur-O-9 euune[ooJou "UC 'eseuu/As euune[o240U ‘SDN 'esepixo əuweouow ‘OVI 'ej|geje^e Jou "Eu 


ayeansAdjousoydsoud 'ysdd *esejojexsuei "vay? :aseyzuAs eyeudsoud-/ -ayeuosojmdeu-ourge4e-q-fxoep-e 1ueisise4-uonigtqureqpes) ‘ıq, DOJL ‘aseuabaipAyap eyeusudeud/eseinui e1euisuiou» 1ue1sisej-uo 


(uÁsjes) winjeajde/g d pue 
($42) e5IUuJ0JIJ[ED °F UJOJJ uÁSjes-S4»5 awAzua 
uolsnj e pue (yud-sud pue yes) unjeaj2elq d 
'(HDINN) &xruoJje» "2 '(NQO9L pue Lyles 
^ud2 ‘LINO? ‘LIND 'LINO9) un4ejIuuos d 
(SDN) exruodef 5 ‘(gow pue 5a0Q) 
epund "d '(u4HG pue 38EY IZEY A99LA HAAL 
(SLOZ) je 19 eiuejeo s-0l X SLO'O €0 asoonio aelsihaJeD `S "udHQO 'Q24 "Mes ‘Sdid) SNOU Seu 9uopoooupÁH 
(uÁsjes) 
uinjeaj»eJq "d pue (S42) &2IUJOJIJE2 "7 UJOJJ 
uÁs|es-S4) eui/zue uoisn; e pue (uuq-sua 
pue uge) WNEI d (HONN) &»ruoJi[e» 73 
'(Lvjes pue ud» ‘LOY 'LNND 'LINO9) 
WNJƏJIUWOS `d '(SDN) e»xiuodef D '(5a0Q) 
epnd `d '(u4HG pue 38EY IZEY A99LA HAAL 
(SLOZ) je 19 aiuejeo g-0L X OZE'O v9 asoonib oli? `S "udHQO ‘ddd "Ms 'sq1g) snorbenou snyey aulegay | 
(udua-sua pue yes) 
Uunyeoj»elq JoAedeg pue (HOIAN) e»2IUIOJIJED "2 
'(uÁsjes pue 1 vies "943 "Unit "UND 'LINO9) 
WNJƏJIUWOS ‘ (SDN) e»uodef  '(5a0Q) 
epnnd `d ‘(YAHA pue I8EY IZEY A99LA HAAL 
(S102) je 18 aiuejeo — DL" 68070 Ll euijosouepne poN-(S"u) 9elsiaJoD `S "udHQO ‘Dd ^udes ‘Sdid) sno/beuou SEN auleqay | 


Sadualajay (a1esqns (1/67) eat Josundaid pe, MIEL? 1sou paJeeuibu3 pəşəsuı auab 1ue|d jo e»inog 1e54e1 punodwo 
57»npoud 6) Dau 


penunuo) L ejqel 


€ 2015 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-10 


8 Andrew Diamond and Isabel Desgagné-Penix 


For cost-effective reasons, the commercial production of 
(S)-reticuline from central metabolites in S. cerevisiae is desired 
but has proven difficult. Although (S)-reticuline has been synthe- 
sized from fed (R,S)-norlaudanosoline in yeast (Fossati et al., 
2014, 2015; Hawkins and Smolke, 2008; Trenchard and Smolke, 
2015), the upstream steps required for the synthesis of (R,S)- 
norlaudanosoline or the natural PIA scaffold (S)-norcoclaurine 
from tyrosine remained unknown (Figure 3). Recently, searches 
using fluorescent pigment betaxanthin sensor identified a plant 
tyrosine hydroxylase that was highly active in S. cerevisiae and 
using mutagenesis its activity was further improved (DeLoache 
et al., 2015). The mutated tyrosine hydroxylase enabled the 
production of dopamine in yeast and, when coupled to subse- 
quent P. somniferum biosynthetic genes, allowed for the synthe- 
sis of the PIA scaffold intermediates (S)-norcoclaurine and 
(S)-reticuline from glucose (DeLoache et al., 2015). By connecting 
the central metabolism of yeast to the downstream steps of PIA 
biosynthesis, it will be possible to develop micro-organism 
capable of producing high-value PIAs at commercial scale. 
Recently, engineered yeast strains, containing modifications to 
divert greater carbon flux through tyrosine to (S)-reticuline, were 
used for the production of PIAs from sugar (Galanie et a/., 2015). 
The reticuline biosynthetic pathway was split into four genetic 
modules containing the nucleotide sequences of 17 biosynthetic 
enzymes allowing the production of thebaine and its conversion 
into codeine, oxycodone and hydrocodone (Galanie et al., 2015). 

For reticuline production, microbial platform seems more 
productive than 'old' platform. For example, in plants, a P. som- 
niferum mutant, created to have increased reticuline content, 
produced up to 396—496 of reticuline compared to trace amounts 
found in wild opium poppies (Fist et a/., 2005). However, the 
plant growth period (months) and the need of land/space for 
cultures can be limiting factors hindering commercial production. 
A knockdown of berberine bridge enzyme by RNAi in E. califor- 
nica cells provided a plant cell line producing up to 6 mg of 
(S)-reticuline in a 20 mL medium in 2 weeks (Fujii et a/., 2007). 
Some of the limitations of this production are the need of high 
amount of inoculum, 1 g fresh weight of cells per 20 mL 
medium, coupled with the time needed for the growth and care 
of the inoculum. Microbial platform has the advantage of short 
time production and seems more easily up-scalable. For example, 
Nakagawa et al. (2011) engineered a strain of E. coli producing 
46 mg/L in 60 h. 

To date, there is no microbial platform for the production of 
PIAs of the phenethylisoquinoline, ipecac or Amaryllidaceae 
alkaloid groups due to the lack of molecular genetic tools. 
Integrating metabolome, transcriptome and proteome analyses 
and biochemical enzyme characterization will deliver many new 
genes and enzymes involved in pathways of PIA metabolism. To 
take full advantage of these genes and enzymes for synthetic 
biology and metabolic bioengineering, it will also be critical to 
understand the regulation of complex biosynthetic systems 
beyond the characterization of individual enzymes. 


Conclusion 


Plants continue to be important producers of alkaloids. One key 
advantage of plants is that they naturally produce aromatic amino 
acid precursors and that they accomplish alkaloid biosynthesis 
powered by solar energy through photosynthesis, eliminating the 
need for supplying carbon precursors. Synthetic biology offers the 
sustainable mass production of PIAs. Several bacterial and yeast 


platforms have been developed, specifically for the production of 
benzylisoquinoline alkaloids, from which metabolic pathway and 
enzymes involved are known. There is still much work to be 
performed to render these platforms profitable commercially as 
they require the addition of expensive precursors and/or produce 
low concentration of targeted PIA. 

Metabolic engineering of photoautotrophic organism, such as 
microalgae and cyanobacteria, may offer alternative systems for 
high-volume PIA synthesis (Gong et al., 2011). As these micro- 
organisms can grow phototrophically, it can reduce the operation 
cost related to the growth media. In addition, the presence of 
chloroplasts in microalgae could not only be advantageous in 
allowing the reproduction of metabolic reaction and pathway 
normally occurring in plant plastids but also the sequestration of 
metabolites and enzymes could be used to increase the overall 
pathway efficiency. Ultimately, for micro-organism- or plant- 
based systems, scalability, ease of multigene combinatorial gene 
expression and cost-effective extraction procedures will be key 
factors for the commercially viable biotechnological production of 
PIAs. Also, a better understanding of alkaloid metabolic regula- 
tion at the transcriptional, cellular and biochemical levels is crucial 
to take advantage of new metabolic engineering technologies for 
improving the efficiency and sustainability of plant alkaloid 
production. 
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